Introduction
The most important task of modern machine building is to construct articles with the predefined life cycle based on the computerization of all stages of their design, production, and operation. Solving this task necessitates improving the properties of traditional, as well as the use of new, materials with an elevated set of physical-mechanical and operational properties, and computer methods of their design.
The durability and reliability of sophisticated technical products depend on a set of factors related to the properties of materials, the geometric parameters of structures, and their manufacturing technologies. The lack of methods for transferring the data that characterize the properties of materials to their performance within structures is replaced in the practice of their calculations with insufficiently reasonable margins of strength. The development of informational support to engineering, construction of methods for computerized modeling of the structure and properties of materials make it possible to obtain highly technological products using flexible technologies at minimal cost.
Such an approach is based on the use of multifunctional computer systems, which coherently perform the volumetric design of an article, estimate the justification of its reliability and performance, prepare technological
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Software for computerized engineering analysis of reliability and performance make it possible, based on estimated substantiation, to state new approaches to the choice of materials and their processing technologies in order to improve the operational durability of articles. The use of the software is limited due to the lack of interconnections between the structure of parts and the stages of their life cycle. In this regard, research into this field is relevant.
Modern data on the physical and mechanical properties of materials make it possible to ensure sufficient strength of machine parts with a high resistance to destruction. However, the most common reason for the failure of parts is the wear and damage to their working surfaces. Wear management is one of the most important approaches to ensuring the reliability and safety of machines. However, its development requires studying patterns in the destruction of materials under conditions of contact interaction and establishing its connection with their structure, which in most cases refers to heterogeneous polycrystalline systems. The task on examining and modeling the behavior of such systems in order to ensure their maximum reliability under conditions of the assigned contact loads is important for modern machine building.
Prolonged frictional interaction between bodies is accompanied by processes of the loss of their strength, which negatively affects the functioning of machines and mechanisms. The development of new technological methods to improve the durability of parts, which are associated with the formation of heterogeneous surface structures, is constrained by limited scientific approaches and procedures for calculating the characteristics of structure in the polycrystalline metal systems based on the criteria of contact durability under the predefined operational modes. The construction of new models of mechanics and the development of calculation procedures to determine the parameters of structure of polycrystalline alloys in order to improve the durability of structures are of considerable interest.
Literature review and problem statement
Development of new approaches to mathematical modeling of heterogeneous metal polycrystals under conditions of contact loads, construction of algorithms for analytical-numerical analysis of the effect of quantitative characteristics of structure on contact durability parameters are necessary for the development of informational support to digital machine building.
The complexity of solving the task is predetermined by a large number of technological factors that affect the reliability of articles [1] . In many cases, there is no link among these factors and informational support to project stages at the level of mathematical and computer models, which necessitates the creation of appropriate databases [2] .
The issue of determining the causes of destruction of surface layers of contacting bodies under conditions of frictional interaction has a series of features. One of them is the locality and heterogeneity in the transmission of force, thermal and other types of loading [3] . In the pro-cess of making and operating machine parts their surfaces demonstrate the irregularities that form the topography of surfacesmacro deviations, undulations, roughness, subroughness, and nanoroughess. As a result, the contact interaction between bodies occurs not over the entire surface, but only in local areas (contact spots). In this case, there are nominal, А a , contour, А с , and actual areas of the contact surface, А r . The total magnitude of a contour area А с is 5...15 % of the magnitude of the rated area, and the magnitude of the actual area А r is 1... 10 % of А а .
The average diameter of a single contact spot for steels is 10 to 20 μm. The size of contact spots depends little on loading; the actual contact area varies mainly due to a change in the number of contact spots, which is directly proportional to the load applied [4, 5] .
For polycrystalline alloys with the size of grains of 10...50 μm, there is a high probability that contact spots may include grains, boundaries, and triple grain joints. Friction of metal materials is accompanied by processes of deformation, formation and destruction of metal bonds on certain areas of contact surfaces. For alloys with a large grain, it is unlikely that a whole grain enters the contact spot, but it is always the case that the boundaries, as well as the joints of grains and subgrains, enter the actual contact area. The influence of the internal interfaces on the processes of deformation and destruction relates to their structural and energy state. However, processing technologies, which are based on changing the state of atoms at the boundaries of grains to improve the contact durability of articles, are used limitedly.
Contact interaction is characterized by the local nature of defects and cracks formation. The multi-stage process of alloy destruction includes the following stages [6, 7] : 1) accumulation of damage and disruption of a materieal's density in the field of stresses and deformations;
2) the development of microfractures in an environrment with defects;
3) the growth of cracks and the separation of a materieal under the loads and movements assigned at the boundaries of a workpiece.
As a result of plastic deformation, two types of micro-damage developalong a body and along the boundaries of grains [8, 9] . Since the mechanisms and the rate of accumulation of micro-damage in these areas are different, two internal variables of scalar nature are introduced, which determine the processes of damage accumulationthe energy of damage along a grain body W p and the energy of damage along the boundaries of grains W n :
Damage W depends on the history of viscoplastic material deformation. The damage along the body and along grains boundaries is characterized by the relative parameters of damage W p and W n and their values are equal to, respectively:
Total damage W of a material: 
,
.
Here W nR , ∆W nδ are the increments in grain-border damage, respectively, due to the viscoplastic deformation and as a result of changes in its conditions. ∆W pR , ∆W pδ are the increments in the intragrain damage, respectively, due to deformation and as a result of change in the type of the stressed state and temperature.
Theoretical analysis reveals the low energy of propagation of intercrystalline cracks in materials, and the significant role of grain-border structure in the processes of their intragrain destruction [10, 11] . The large-angle boundaries are crucial for these processes while the special and low-angle boundaries exert a less impact. For the case of fragile inter-grain destruction, in the absence of deformation near the boundary, the energy of destruction is determined from ratio [12]: 2 ,
where 2γ s is the surface energy, γ B is the free energy of a grain boundary, which depends on the grain-border structure. The effect of the boundaries of grains of different types on the processes of deformation and destruction of polycrystals has not been fully studied [11] . This is largely due to the fact that existing models of grain boundaries do not take into consideration the structure, energy, and structural-phase state of the grain boundary zones [13] .
The aim and objectives of the study
The aim of this study is to devise an approach based on the systemic model of structure in polycrystalline alloys, which would make it possible to predictively diagnose their behavior under conditions of contact loads.
To accomplish the aim, the following tasks have been set: -to develop and substantiate the principles for constructing hierarchical models that describe the impact of parameters of the structure of different levels of hierarchy on the contact durability of alloys;
to build a model of polycrystalline systems with interchangeable parameters of the grain structure and the structural-energy state of the internal interfaces of different levels of hierarchy;
to assess the role of quantitative characteristics of the grain structure in the wear processes of steel 40X to incorporate them into the model;
to investigate, based on the constructed model, the basic trends and their corresponding patterns in the influence of the structural and energy state of grains boundaries on the properties of polycrystalline alloys.
Using systemic approaches for developing hierarchical models of the polycrystal structure taking into consideration the dimensional characteristics of grains and the energy parameters of their boundaries
Methods of computational materials science for selecting technologies aimed at improving the reliability of mass-produced alloys, as well as creating new, with a higher set of properties, are used in a limited fashion at present and thus require the development of new approaches. Such approaches should include a set of metals-science, technological, and production aspects, as well as the quantitation of interconnectionsthe chemical composition of alloysprocessing technologystructureservice propertiesreliability.
The development of digital machine building, the improvement of reliability of articles require computerized simulation of the structure and properties of materials. To this end, the finite-element and quantum-chemical modeling are applied. A finite element method makes it possible to assess the behavior of materials using approaches from continuum mechanics. The quantum-chemical modeling considers interactions between atoms [14] . To establish a link between the macroscopic behavior of materials and changes in its inner structure, new approaches (hierarchical modelling) must be used that have not been fully developed up to now [15] .
To quantify the impact of elements in the structure of different levels of hierarchy on the intragrain destruction of polycrystals, the work applied the toolkit from the theory of hypercomplex dynamic systems [16] .
Systemic study of alloys was carried out in the following sequence:
we built a model that adequately reflected the systemic properties of the alloy structure;
based on an analysis of the system's common patterns, the system model's individual properties were established;
we established empirical connections between the systemic properties that are characterized by the matrix definer, and the physical-mechanical properties of the alloy;
we defined the value for a matrix parameter, which allows achieving the optimal physical-mechanical properties of the alloy;
we defined the limits of change in the systemic properties of the alloy, which ensure obtaining the optimal matrix parameter.
In the general form, the operations that are carried out correspond to the following algorithmic chain:
In expression (11), the initial data for analyzing the microstructure of alloys are indicated as (VD) o , and their conversion to the system-forming environment -S o . The hyper-complex dynamic system S, processed by P(S) methods, provides an opportunity to obtain a result Res, which is translated into the subject language of mechanics and materials science V(D) R .
Incorporating specific characteristics for the parameters of the alloy microstructure into systemic invariants has made it possible to develop the invariant models of microstructures, which include their varied parameters.
To construct the invariant models, we used quantitative parameters of the grain structure [16] : histograms of grain distribution by size, the angles between grain boundaries that form triple joints, the areas of boundaries around grains of certain sizes.
The following order was used to build a hypercomplex matrix:
1. Based on the source grain distribution data on size, the alloys were assessed in terms of difference in their size; that was used to form the elements of the system.
2. We arranged and numbered a sequence of levels of hierarchy in the original system.
3. A square matrix was built in the form of a table whose size was determined by the number of groups of grains that characterize the steels' grain differences.
4. Information about the system was incorporated in the matrix.
Along the main diagonal of the matrix, we indicated the characteristic of grain in a group of grains of a certain size. To the left and right of the main diagonal, we gave information about the interaction between individual groups of grains. Such information is the area of boundaries between grains of different sizes and the distance between unbalanced joints, which was determined from studying the structures [16] . In a general case, the matrix that describes the state of the system was denoted through Y.
The representation of the systemic model of the polycrystal structure in the form of a matrix is shown in Fig. 1 .
"A" letter with the corresponding indices indicates the following elements: А 1 , А 2 -areas of boundaries around the grains corresponding to the first and second groups of size. Interactions between the elements include the following characteristics: Y 12 -area of boundaries between the grains of the first and second groups of size; Y 21 -area of grains boundaries between unbalanced triple joints.
Methods for studying the structural-energy state of grains boundaries in terms of contact durability of steel 40X
We studied steel 40X after improvement to determine the impact of the structural-energy state of the internal interface boundaries in the processes of destruction at contact interaction. Steel of this brand is widely used in the manufacture of parts that operate under conditions of contact interaction (gears, shafts of transmissions, toothings).
A change in the state of grains boundaries was induced by thermal treatmenthardening at different temperatures. The samples were made from rolled steel; after annealing, they were hardened at temperatures in the range of 860 °С...1,050 °С and tempered at 600 °С.
Studying the boundaries of grains was conducted following the ion-plasma etching [17] . The structural-energy state of the grain interface boundaries was assessed according to procedure from [18] . When determining relative energy of the boundaries at the triple joints of grains, we used Herring-Young analytical dependence.
Analysis of the structural-energy state of grain boundaries in steels λ was carried out by a metal-graphic method based on determining a ratio between angles α at triple joints of grains using the following analytical dependence:
A quantitative assessment of the effect of different-in-quality parameters of the steel 40X microstructure on contact durability was carried out using the developed methodology of hierarchical modeling [16] .
The effect of the state of grain boundaries on the accumulation of damage at contact interaction was studied during testing for wear using a disk-pad scheme under a dry sliding friction mode. The speed of sample sliding along a counter-body is V=0.5 m/s, the load on samples is P=300 N, material of the counter-body is steel 45, hardness of the counter-body is 42...44 HRC. Following the alignment, each sample was worn for 10 hours. The mass intensity of wear I m was assessed based on the results from testing six samples.
Results of studying the effect of parameters of grain structure on the contact durability of steel 40X
The microstructure of steel 40X is shown in Fig. 2 ; parameters of the distribution of the microstructure based on grain size are shown on Fig. 3 .
After heating up to 860 °С, 30 minutes of aging, and rapid cooling of steel 40X, we observed grains the size of 21.5 μm (Fig. 3) . Heating up to 950 °С results in the emergence of grains with dimensions between 20 μm and 210 μm. The average diameter of the grains is 52.4 μm; the standard deviation is 36.5 μm. After aging at 1,050 °С, grains the size of 35…270 μm form in the steel. Their mean diameter 1 12 Results from determining angles at the triple joints of grains in steel 40X after hardening at temperatures of 860 °С, 950 °С, and 1,050 °С are shown in Fig. 4 .
The assessment of boundaries' energy at the triple joints of grains showed its growth at the boundaries located opposite sharp angles and the decrease at the boundaries, which are located opposite the blunt angles. At each junction, the ratio between boundary energies changes, which affects their behavior when external loads are applied.
The greatest relative energy value is observed at the boundaries, which are placed at triple joints opposite the angles of 80...100°. It was established that after hardening at 860 °С the number of such boundaries is 10.0 %, at 950 °С -12.12 %, and after 1,050 °С -9.09 %. The grain size difference that forms when heated to 950 °С increases the proportion of grains with a greater energy magnitude ( Table 1) .
Our study of microstructure after tempering at 600 °С has shown that the size of the former austenite grain did not change significantly, but the boundaries of grains are detected worse after etching (Fig. 5) .
Results from studying angles between the boundaries at the triple joints of grains in steel 40X after hardening at temperatures of 860 °С, 900 °С, 950 °С, 1,050 °С and tempering at 600 °С are shown in Fig. 6 . After heating up to 860 °С for hardening, the share of boundaries with the greatest amount of energy, located opposite angles of 80°...100°, is 16.67 %; 900 °С -10.00 %; 950 °С -10.00 %; 1,050 °С -6.67 % ( Table 2 ). The share of boundaries that are located opposite angles of 161°...180° and characterized by a minimum energy value equals, after hardening at 860 °С, 0 %; 900 °С -0 %; 950 °С -3.33 %; 1,050 °С -0 %. The microstructure's grain size difference, which is detected at heating up to 950°С, contributes to the formation of boundaries that differ significantly in terms of energy.
Results from studying the microstructure of steel 40X after improvement when exposed to hardening for 80 minutes are shown in Fig. 7 .
When heated to 860 °С, separate groups of former austenite grains with an average diameter of 38...43 μm and 79...81 μm were identified in the steel. Heating above 900 °С leads to the formation of grains the size of 45...55 μm and 100...110 μm; hardening at 950 °С results in the formation of groups of grains the size of 80...100 μm and 130...150 μm. The diameter of individual grains exceeds 180 μm. An increase in the hardening temperature to 1,050 °С leads to the emergence of groups of grains with a diameter of 85...90 μm and 150...170 μm.
Results from studying the distribution of angles at triple joints between the boundaries of grains are shown in Fig. 8 . Increasing the aging time during hardening at 860 °С to 80 minutes leads to the emergence of grains boundaries with a higher energy magnitude, to 13.33 %. After hardening at 900 °С, the share of such boundaries is 6.67 %; 950 °С -10.0 %; 1,050 °С -16.67 % (Table 3) . At the same time, the proportion of grain boundaries with a minimum amount of energy changes significantly; they are located opposite angles of 161°...180°. Thus, after hardening at 860 °С, it is 0 %; 900 °С -0 %; 950 °С -16.67 %; 1,050 °С -0 %. Increasing the aging time at hardening to 80 minutes leads to an increase in the proportion of triple joints, which are formed by the boundaries of grains with a significant difference in the level of grain-border energy.
Results from studying wear are given in Table 4 . When exposed to hardening over 30 minutes with a temperature rise to 950 °С the wear intensity increases by 16 % and, after hardening at 1,050 °С, reduces by 20 %. Increasing the exposure to hardening to 80 minutes leads to an increase in the intensity of steel wear, and to a greater extent after hardening at 950 °С. It should be noted that in this case the wear is 46 % larger compared to samples hardened at 860 °С at exposure over 30 minutes. Note: I mb stands for the mass wear intensity of a sample hardened at 860 °C exposed to hardening for 30 minutes
The increase in a hardening temperature to 950 °С leads to an increase in the number of triple joints in the steel, which are formed by boundaries with significant differences in the magnitude of grain-border energy. Thus, after hardening at 950 °С and exposure over 30 minutes the share of such joints is 3.33 %, and after heating for hardening for 80 minutes -16.67 % ( Table 2 , 3). After hardening at 1,050 °С, the joints, formed by boundaries with large differences in energy, are absent both after aging when heated for 30 minutes (Table 2 ) and 80 minutes ( Table 3 ). The increased steel durability after hardening at 1,050 °С is largely due to a decrease in the number of local volumes of structure with a high gradient of grain-border energy.
Assessing the impact of the structuralenergy state of large-angle grain boundaries on the contact durability of steel 40X using the developed model
The stages of damage formation under the action of cyclical loads include the formation of microstructurally-and physically short cracks, as well as long cracks [20] . Under conditions of changing contact loads, these stages are implemented at frictional interactions. Intergrain damage under external loads would mainly occur in local areas whose energy is close to the surface energy. Such zones are the boundaries located between triple joints with the presence of sharp and blunt angles. Therefore, the area of such boundaries was introduced to the hierarchical models that describe the effect of the polycrystalline structure on the contact longevity of steel. Results from determining a matrix parameter for the structure of the improved steel 40X after hardening at different temperatures are given in Table 5 and shown in Fig. 9 . Table 1 The proportion of angles between boundaries at the triple joints of grains in steel 40X after hardening Table 2 The proportion of angles between boundaries at the triple joints of grains in steel 40X after hardening and tempering at 600 °C Table 3 The proportion of angles between boundaries at the triple joints of grains in steel 40X after hardening and tempering at 600 °C 
Discussion of results of improving the contact durability of polycrystalline systems
Analysis of the results obtained has shown that the quantitative characteristics of the structure, which are described by a matrix parameter, significantly affect the relative wear of steel. The increase in wear occurs after hardening at 950 °С in the presence of joints in the steel structure that are formed by boundaries whose energy is significantly different. Such joints, with a high gradient of grain-border energy, are formed by the boundaries of grains, the angles between which are in the range of 40°...60° to 161°...180° (Table 5) , and their existence is due to the presence of grain size difference. With an increase in the size of the grain under exposure to hardening over 80 minutes the relative wear in the presence of grain size difference increases by 46 % due to the increase in the number of gradient joints and a larger area of boundaries, with an elevated energy level.
This points to the crucial role of the large-angle boundaries placed between triple joints with a high energy gradient in the process of forming the microstructurally-short cracks and the intergrain destruction of polycrystalline systems.
The structure of the large-angle boundary of a grain and the border zone is gradient and includes areas with the enhanced density of dislocations, pores, structural and concentration heterogeneities, as well as area of transition to the neighboring grain. The main factor that determines the behavior of a polycrystal is the excess volume or a void-rough structure of the boundaries.
When a critical value of free volume is reached at the interface, pores and microcracks form. Intragrain destruction occurs due to the concentration of stresses, which is caused by grain-border slippage on ledges, protrusions, and triple grain joints.
Triple joints are characterized by a "looser" structure and the increased specific energy parameters. Their contribution to the processes of unbuilding and destruction of materials is greater than that from the usual boundaries of polycrystals grains.
If, at joints, angles between the boundaries differ significantly from 120°, the boundaries vary in energy magnitude. As a result, a property gradient appears in the junction area, which could be a source of destruction.
Under contact loads, the scattered or non-localized damage emerges in steel, which give rise to microscopic cracks. When they develop, one crack propagates faster that leads to a localized fatigue damage.
Our study has shown that the average distance between triple joints with an increased gradient in steel after hardening at 860 °С and tempering is 0.01...0.02 mm and corresponds to the size of cracks in the transition from scattered to localized damage. The energy level of grains boundaries between such joints is higher than that for other boundaries and approached the surface energy. Therefore, such boundaries are the places where scattered damage is initiated.
The number of triple joints with a high energy gradient in the steel hardened at 950 °С will be greater than after hardening at 860 °С.
As a result, following the hardening at high temperature, there increases the number and size of cracks, which are formed under the influence of external loads, thereby accelerating the stage of development of localized damage.
After hardening at 1,050 °С and tempering, steel does not demonstrate the formation of triple joints with a high energy gradient, which is one of the factors to improve resistance to wear.
The developed approaches of hierarchical modeling make it possible to determine the physically justified parameters of change in the local properties at grain-border areas of alloys, to assess susceptibility to forming intragrain damage. Energy characteristics of the large-angle grains boundaries significantly affect the stages of formation of the scattered and localized damage to steel under contact loads. Control over energy parameters of grains boundaries makes it possible to use innovative technologies to form the structure of parts in order to improve their durability and resource while reducing the cost of their life cycle.
The main limiting factor, which has a significant impact on implementing the procedures, devised in this work, into engineering practice, is the laborious procedure for determining energy characteristics of the large-angle boundaries of grains. The use of hierarchical and computer simulations of polycrystalline systems, taking into consideration their structure, requires the development of appropriate software. exposure to hardening -30 minutes; -exposure to hardening -80 minutes 9. Conclusions 1. Based on systemic approaches, a hierarchical model of the structure of polycrystalline alloys has been developed, which describes their different qualitative characteristicsthe presence of grains of different sizes, boundaries and triple joints of grains, whose energies are essentially different. The use of such models makes it possible to analyze the accumulation of intragrain damage, identify the structural units responsible for the destruction of a material, establish quantitative links between the energy state of local volumes of parts and the parameters of their life cycle.
2. An invariant model of polycrystalline systems with interchangeable parameters of grain structure and structural-energy state of internal interface boundaries has been built. It is shown that it is advisable to use, as a digital counterpart of the alloy structure, which describes their behavior under conditions of contact loads, a matrix representation of the sys-temic model incorporating it with the structure's quantitative characteristics.
3. It has been established that the life cycle of parts, made from steel 40X after hardening and high tempering, under conditions of contact loads is largely dependent on the energy state of boundaries of the structural components' grains. The presence of large-angle boundaries at triple joints, which differ significantly in terms of energy magnitude, reduces the life cycle duration.
4. It is shown that the increase in the life cycle of parts is achieved by reducing the amount of local volumes with an increased energy level in the alloy. Large-angle boundaries with a minimum gradient of grain-border energy are formed under conditions of optimal temperature-time thermal treatment regimes. The use of methods of hierarchical modeling and computational materials science makes it possible to implement technical solutions in order to improve the operational reliability of articles at a lower cost of their life cycle.
